We present a method for characterizing microscopic optical force fields. Two dimensional vector force maps are generated by measuring the optical force applied to a probe particle for a grid of particle positions. The method is used to map out the force field created by the beam from a lensed fiber inside a liquid filled microdevice. We find transverse gradient forces and axial scattering forces on the order of 2 pN per 10 mW laser power which are constant over a considerable axial range (.35 mm). These findings suggest future useful applications of lensed fibers for particle guiding/sorting. The propulsion of a small particle at a constant velocity of 200 mm s 21 is shown.
Introduction
In novel biophysical applications, optical fibers are being employed to deliver and collect light under the microscope and even in vivo. They are integrated in complex optical and microfluidic circuits on lab-on-a-chip devices. 1 Tasks performed include fluorescence excitation and detection, 2 absorption measurements, 3 optical switching, 4 optical trapping, 5 optical binding 6 and on-the-chip light coupling. 7 A particularly interesting application is optical trapping and force application: optical fibers can create optical traps on a microscope slide without the need to couple a laser beam through the viewing optics. 5 This opens up a new field of applications such as controlled movement and stretching of cells 8 with simultaneous fluorescence detection 2 and cell sorting. 9 Two or more fibers are required for stable 3D trapping because the fiber output is strongly divergent. 5 Recent advances in fiber manufacturing such as melting, etching or fusing a hemispherical lens to a tapered optical fiber allow the creation of a focused light output. 10 These lensed fibers promise a great enhancement of lab-on-a-chip optical trapping and other applications. 2D particle manipulation with a single lensed fiber has recently been achieved. 11 With an electrostatic force compensating for the axial scattering force, particles were even trapped in 3D with a single lensed fiber. 12 A problem is that these fibers are manufactured for application in air, and the optical output changes dramatically when they are integrated into liquid filled microfluidic devices. Similarly, the intensity distribution of light emitted from regular optical fibers integrated in lab-on-a-chip devices is difficult to predict, particularly because of refraction from channel interfaces and in multiple fiber geometries.
In this paper, we demonstrate a technique for the characterization of optical force fields in a closed fluidic environment. A 2D force map is generated by raster scanning a probe particle over the area under investigation and measuring the applied optical force. The probe particle is manipulated from outside the device by a force measuring optical tweezers system. This method is applicable to a range of geometries, such as closed microfluidic devices and multiple optical fibers. The other great advantages over methods like scanning near field optical microscopy (SNOM), where physical access to the light field is required and geometries with multiple sources can not be accessed.
We apply the technique to investigate the optical force field created by the beam from a lensed tapered optical fiber. We map the optical forces in an 18 6 18 mm area and find that both axial and transverse forces remain constant over the investigated range. These force profiles suggest strong lateral confinement and propulsion of particles in the fiber beam. We confirm these properties experimentally by using the fiber beam to propel and guide a microscopic particle and deduce the applied force by video microscopy. The results show that the field created by the fiber in liquid is very different from the nominal field in air, which underlines the need to actually characterize the force field.
Experimental
To map the optical force field, the device under inspection is mounted under a microscope with integrated optical tweezers. Here, the device is a lensed optical fiber (Nanonics Imaging Ltd, Jerusalem, Israel) in a sample chamber. The non-lensed end of the fiber is cleaved and mounted in a precision fiber coupler (F-1015, Newport Corp., Irvine, CA). The beam from a l = 780 nm diode laser (DL-100, Toptica) is expanded and coupled into the fiber with a 0.25 NA objective lens. In this configuration, the laser power leaving the fiber is typically 10 mW. The lensed end of the optical fiber is sandwiched between two microscope cover slips and held in place by high viscosity silicon grease. This assembly is mounted on a microscope slide and transferred to the piezo actuated microscope stage.
The optical tweezers apparatus is described in detail elsewhere. 13, 14 In short, the beam from a fiber laser (IPG Photonics, Oxford, MA, l = 1070 nm) is coupled into the microscope, focused by a high numerical aperture objective, and used to trap a probe particle. The particle position is monitored by a separate detection laser (HeNe, l = 633 nm) and a quadrant photo detector (QPD). The QPD signal is calibrated to allow precise measurements of forces in both transverse directions (with respect to the trap axis, here called X and Z). The resolution of particle position is better than 5 nm.
Light emitted by the optical fiber propagates in the Z-direction, perpendicular to the microscope optical axis (Y-axis) and to the direction of the optical tweezers (Fig. 1) . Polystyrene microspheres (2.09 mm diameter, Polysciences Inc., Warrington, PA) suspended in water are pipetted into the sample chamber. A microsphere is trapped with the optical tweezers and brought into position in front of the lensed fiber. When light is emitted from the fiber, it applies scattering and gradient forces to the trapped particle. The particle is displaced from its equilibrium position in the trap which is registered at the QPD. Displacements and thus forces in both X and Z directions are measured simultaneously.
A map of the force field in a 2D spatial region is obtained by raster scanning the sample chamber with the piezo actuated microscope stage while holding the probe particle stationary in the optical trap. A control program moves the sample to the specified grid point, measures the probe particle position with the fiber output turned on and off and evaluates the forces acting. Recording the differences of two measurements at each grid point greatly improves the signal to noise ratio and almost completely eliminates effects from drift of the zero position signal. A fast shutter is used for switching the fiber beam (LS6, Uniblitz, Rochester, NY). A typical scanned grid has a size of 18 6 18 mm with a resolution of 30 6 30 points. By scanning adjacent grids, we investigated the Z-range from 3.5 to 36 mm. The plane which contains the axis through the fiber center (Z-axis) was scanned; it is found by adjusting the Y-position of the sample chamber until maximum force is applied (Fig. 1) .
Results and discussion
In most experiments, a relatively weak optical trap (stiffness 0.021 pN nm
21
) was used to maximize the particle displacement by the applied force from the fiber beam. The position signal of a trapped microsphere in Fig. 2 was obtained at a distance of Z = 5.5 mm from the fiber tip at a fiber beam power of 11 mW. The fiber beam was switched on after 0.5 s acquisition time using the shutter. The displacement of 86 nm corresponds to an applied force of 1.8 pN. The signal amplitude is much larger than the position fluctuations due to Brownian motion. Fig. 2(b) shows the axial and transverse optical force in vector representation applied by the fiber beam for a grid of 30 6 30 points. The scan was started at 5.5 mm in front of the fiber. The maximum applied lateral force was F X = 1.1 ¡ 0.08 pN and axial force F Z = 1.8 ¡ 0.13 pN. The force direction is always towards the fiber beam axis and in positive Z, meaning that a particle is drawn into the center of the beam and propelled along it. No stable equilibrium position exists. The force field remains essentially constant with Z-position in the range probed. This is clear from looking at the axial and lateral force profiles at specific Z-positions which remain constant with Z over the whole scanned region (Fig. 2(c) ). Fig. 1 Scheme for the measurement of the optical force field created by the beam from a lensed optical fiber. The fiber is mounted in a sample chamber which is raster scanned by a piezo actuated nanopositioning stage. The probe particle is held stationary in the laser trap. The capability to guide and propel particles with the beam emitted from the lensed fiber was explored in a separate experiment. A trapped microsphere was brought to a position close to the center of the fiber beam and the optical tweezers trap was switched off. The particle moved immediately to the fiber beam center (equilibrium position in X and Y-direction) and was propelled in the Z-direction. The experiment was recorded at 25 frames s 21 and evaluated (Fig. 3) . A constant axial velocity of v Z = 188 ¡ 4 mm s 21 was observed over the measured range of 20 mm. Laterally, the bead displacement over that range was less than 2 pixels, corresponding to 160 nm. This confirms the constancy of the axial optical force and tight lateral confinement over the considered Z-range. Knowledge of the drag coefficient allows us to derive the optically applied force of 3.7 ¡ 0.1 pN. For comparison, a force scan was performed directly before the velocity measurement. A maximum axial force of 3.5 ¡ 0.25 pN was measured.
To obtain further information on the emitted beam, the light field and the forces acting on the probe particle were modeled using generalized Lorenz-Mie theory. Very good agreement between measured and theoretical force profiles for lateral and axial direction was obtained for a beam with a Gaussian intensity distribution and a beam waist radius of w 0 = 2.4 mm in water (nominal radius 0.5 mm in air). That is similar to results obtained by Taguchi et al.
11 who found a beam waist radius of 2 mm in ethanol (n = 1.36) for a fiber with a nominal waist radius of 0.35 mm. The calculations show furthermore that for the given particle size, a beam waist radius of w 0 = 0.32 mm would be required to obtain a sufficiently large gradient force for stable 3D trapping with a single optical fiber.
Characterization of optical fields with the laser tweezers based technique described in this paper has two main advantages: sealed sample chambers and liquid environments, such as found in microfluidic devices, are accessible and quantitative results are obtained. Recent lab-on-a-chip applications integrate microfluidic channels and optical components like fibers and waveguides on a chip. 2, 3, 15 Quite often, these chips are composed of PDMS templates bonded to large cover slips. Light propagation in those systems is hard to predict, since multiple interfaces between different materials exist. Our method allows quantification of the light field/forces in such a closed environment, which could not be achieved with a method like SNOM, where a probe is mechanically scanned over the volume of interest. An alternative method is observation of fluorescence from a dye in solution in the microchannel. 16 However, quantification is difficult with this technique, and its application to three dimensions requires a considerable technical effort.
Likewise, optical forces in micromechanical systems can be characterized with our method, such as the light pressure used to drive microscopic cogs, 17 or the output of on-chip microlasers. 18 
Conclusions
In this paper, we have introduced a new technique to characterize microscopic light generated force fields. The technique is applicable to closed microfluidic devices and lab-on-a-chip designs and allows precise quantification of optical forces in a selectable spatial region. Optical forces created by the beam from a lensed fiber were characterized. It was shown that the fiber beam in the near field is collimated over a considerable distance and differs substantially from the nominal beam shape in air. Thus, near field characterization of light fields created in microfluidic devices is essential, and the method described here can perform that task in a large range of environments. 
